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 58 

ABSTRACT (197/300 words): 59 

Background. Coronavirus disease 2019 (COVID-19) has affected more than 210 million people 60 

worldwide. An optimal therapeutic approach for COVID-19 remains uncertain, to date. Since the 61 

history of cancer was linked to higher mortality rates due to COVID-19, the establishment of a safe 62 

and effective vaccine coverage is crucial in these patients. However, patients with cancer were 63 

mostly excluded from vaccine candidates’ clinical trials. This systematic review aims to investigate 64 

the current available evidence about the immunogenicity of COVID-19 vaccines in patients with 65 

cancer (PsC). 66 

Patients and methods. All prospective studies that evaluated safety and efficacy of vaccines against 67 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were included, with 68 

immunogenicity after the first and the second dose as the primary endpoint, when available. 69 

Results. Vaccination against COVID-19 for PsC seems overall safe and immunogenic after well-70 

conducted vaccinations schedules. Yet, the seroconversion rate remains lower, lagged or both 71 

compared to the general population. Patients with hematologic malignancies, especially those 72 

receiving B cell depleting agents in the last 12 months are the most at risk of poor seroconversion. 73 

Conclusion. A tailored approach to vaccination may be proposed to PsC, especially on the basis of 74 

the type of malignancy and of the specific oncologic treatments received. 75 

 76 

KEYWORDS: COVID19, Sars-CoV-2, vaccine, immunogenicity, cancer, seroconversion. 77 
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 84 

HIGHLIGHTS: 85 

1. History of cancer is linked to higher mortality rates due to COVID-19. (69/125) 86 

2. Data on the immunogenicity of COVID-19 vaccines in patients with cancer (PsC) are scarce. 87 

(88/125) 88 

3. This review included prospective studies that evaluated immunogenicity of vaccines against 89 

COVID-19 in PsC. (106/125) 90 

4. Vaccination seems overall safe and immunogenic after well-conducted vaccinations schedules. 91 

(90/125) 92 

5. Hematologic patients receiving B cell depleting agents in the last 12 months are the most at risk 93 

of poor seroconversion. (121/125) 94 

 95 
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 109 

MANUSCRIPT (5224 words)  110 

INTRODUCTION  111 

Since the first reports of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, 112 

coronavirus disease 2019 (COVID-19) has affected more than 210 million people worldwide (1). 113 

Besides oxygen therapy and positive pressure ventilation, glucocorticoids, especially 114 

dexamethasone, showed a mortality benefit in patients requiring respiratory support (2). Despite 115 

different therapeutic approaches being investigated, an optimal treatment for COVID-19 remains 116 

uncertain (Figure 1) (3-5).  117 

Nevertheless, global efforts have established an effective vaccine strategy and, because history of 118 

cancer is linked to higher mortality rates due to COVID-19, an effective vaccine coverage is crucial 119 

in this population (6-13). However, clinical trials investigating COVID-19 vaccine candidates mostly 120 

excluded patients with cancer (PsC). So, international COVID-19 vaccination guidelines for this 121 

population were initially based on expert opinions, on studies designed to test other vaccines and 122 

on initial real-world data reports (14, 15).  123 

This systematic review aims to investigate the current available evidence about immunogenicity of 124 

COVID-19 vaccines currently administered to PsC. 125 

 126 

METHODS  127 

A systematic review of the literature was performed on August 16th, 2021. The relevant studies were 128 

searched through Medline (via PubMed) and Embase, with no language or time restriction. The 129 

databases were searched (CC) using the mapped terms [“cancer” OR “tumor” OR “malignancy”] 130 

AND “vaccine” AND [“COVID” or “SARS-CoV-2”] and the exploded MeSH terms “COVID-19 131 

Vaccines”. Two reviewers double-screened independently titles and abstracts (CC, GA). A third 132 

author functioned as tiebreaker, in case of disagreements (GC). The reference lists of the most 133 

relevant papers were selected for snowballing (CC, GA). The Preferred Reporting Items for 134 

Systematic Reviews and Meta-Analyses (PRISMA) methodology was applied, to depict the flow of 135 

studies through each phase (ph) of the review process.  136 
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We assessed the quality of included studies using the Quality Assessment Tool for Observational 137 

Cohort and Cross-Sectional Studies (NIH). Results were rated as FAIR, when a total of 5-10 points 138 

were assigned the study and as GOOD if a total of ≥ 11 points were assigned on the basis of 14 139 

quality-assessment queries. A comprehensive summary and specifics of the quality assessment are 140 

provided in Supplementary Table S1. 141 

Data extraction was performed by one reviewer (CC) and independently checked by other two 142 

authors (GA, GC). We included all prospective studies, evaluating as primary endpoint the 143 

immunogenicity of vaccines against SARS-CoV-2 in PsC. Findings which did not fulfil the above-144 

mentioned criteria were excluded. Safety was investigated as secondary endpoint, as the incidence 145 

of adverse events (AEs), if reported in the clinical study. 146 

We retrieved supplementary information about study design, population size and cancer types (if 147 

available). When a single study had resulted in multiple publications, we prioritized the most updated 148 

report, unless the reported endpoint was not relevant. 149 

Substantial heterogeneity of study designs and outcome measures did not allow to perform a meta-150 

analysis; therefore, a narrative synthesis was conducted without performing additional statistical- or 151 

sensitivity analyses by a specific software or without additional feasibility assessment.  152 

 153 

RESULTS  154 

The systematic research of the literature returned 2526 records. After checking for duplicates, a total 155 

of 1607 records were obtained. After critical appraisal, a final amount of 36 studies met the above-156 

mentioned criteria, as depicted in Figure 2. The investigations have been performed in the World 157 

Health Organization (WHO) Region of the Americas (n = 7) and in the WHO European Region (i.e., 158 

United Kingdom, n = 8; Germany, n = 1; Denmark, n = 1; Italy, n = 3; France, n = 3; Greece, n = 3; 159 

Switzerland, n = 1; Israel, n = 6; Turkey, n = 1; Lithuania, n = 1; Netherlands, n = 1). The median 160 

and the mean number of PsC included in each study were 114.5 (min: 16; max: 1503) and 257.2, 161 

respectively, overall accounting for 9260 patients. As for vaccines platforms, Pfizer-BioNTech (BNT) 162 

and Moderna (MDN) vaccines were administered in 33 (91.6%) and in 13 (36.1%) clinical studies, 163 

respectively. Viral vector-based vaccines include Oxford/AstraZeneca (OxA) and Janssen vaccines. 164 
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The former was administered in 9 clinical studies (25%), whereas the latter was evaluated only in 165 

one study. The study conducted in Turkey administered CoronaVac, an inactivated COVID-19 166 

vaccine (16). 167 

Across all the studies, immunogenicity of COVID-19 vaccines was defined as the proportion of PsC 168 

who seroconverted to Spike proteins. Median anti-Spike antibody (Ab) titers, detection of neutralizing 169 

antibodies (NAbs) and cellular immune responses were investigated as secondary or exploratory 170 

endpoints. 171 

Eight studies reported data only after the first dose; twenty studies reported data only after the 172 

second dose; nine studies reported data after both the first and the second dose. The seroconversion 173 

rate ranged widely after the first dose, i.e., from 11% to 87.5%, overall; from 11% to 87.5% for 174 

hematologic patients; from 25% to 67% for patients with solid tumors. However, seroconversion data 175 

were collected at non-uniform time points after the first dose, across all the studies (median: 3 weeks; 176 

min: 1 week; max: 5 weeks). 177 

As for the second dose, the seroconversion rate ranged widely as well, from 7.3% to 100%. 178 

Specifically, it ranged from 7.3% to 88.8%, for hematologic patients and from 47.5% to 100% for 179 

patients with solid tumors. Similarly, seroconversion data were collected at non-uniform time points 180 

after the second dose, across all the studies (median: 3 weeks; min: 1 week; max: 16 weeks). 181 

When safety measures were described, the incidence of AEs was the most commonly reported 182 

outcome, even though 22 studies (61.1%) did not extensively report safety information. Conversely, 183 

2 studies (5.56%) reported the incidence of AEs only after the first dose; five studies (13.9%) reported 184 

AEs only after the second dose. Finally, in 7 studies (20.6%) AEs were reported after both the first 185 

and the second dose. Overall, COVID-19 vaccines resulted safe and well tolerated, with no vaccine-186 

related deaths. Any-grade AEs ranged between 9.7% and 87% after the first dose and between 23% 187 

and 85% after the second dose. The most commonly reported any-grade AEs were local pain (range: 188 

7.4% - 69%, I dose; range: 32.3% - 67.2%, II dose) and fatigue (range: 4.2% - 47.6%, I dose; range: 189 

3% - 23.4, II dose). 190 

Patients with solid tumors were included in 15 studies (41.7%), whereas hematologic malignancies 191 

were represented in 28 studies (77.8%). Twenty-one studies (58.3%) were exclusively focused on 192 
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hematologic patients. Six studies specifically focused on PsC on active treatments, namely cytotoxic 193 

agents, B-cell depleting agents, Janus kinase inhibitors (JAKi) and immune checkpoint inhibitors 194 

(ICIs) (17-22). A comprehensive summary of the studies included is provided in Supplementary 195 

Table S2. 196 

 197 

Cancer Type  198 

Available evidence suggests that vaccines, besides being generally safe and well tolerated, may 199 

have a compromised activity, especially in the case of hematologic malignancies (Figure 3) (24). In 200 

this regard, a prospective observational study included 151 PsC (95 with a solid tumor and 56 with 201 

a hematologic malignancy), and 54 healthy controls (Supplementary Table S2) (25). In an interim 202 

analysis, the proportion of patients with positive anti-Spike IgG titers at approximately 21 days 203 

following the first dose was 94% for the healthy controls, compared with 38% of those with solid 204 

tumors, and 18% of those with hematologic malignancies (25). Considering patients with available 205 

blood samples two weeks after the second dose, 95% of the patients with solid tumors and 60% of 206 

those with hematologic malignancies showed seropositivity, in comparison with 100% of healthy 207 

controls. Another study evaluated 200 patients, of which 134 harbored solid tumors and the 208 

remaining 66 had a hematologic diagnosis. Vaccination was carried out with MDN (62/200), BNT 209 

(115/200) and Janssen (20/200). Although the overall seroconversion rate reached 94%, 210 

hematologic malignancies revealed a significantly lower rate (85%), particularly among those 211 

receiving B-cell depleting therapies and following hematopoietic cell transplantation (HCT) (73%) 212 

(21). For example, a detailed study highlighted that anti-CD20 Abs, Bruton tyrosine kinase inhibitors 213 

(BTKi), JAKi and B-cell lymphoma 2 (bcl-2) inhibitors seemed to electively impact on the Ab response 214 

to vaccination (24). Importantly, when vaccination was administered 12 months after the last 215 

treatment, serological responses improved (24). Consistently, initial findings from the CAPTURE 216 

study, a prospective longitudinal cohort study of SARS-CoV-2 infection and COVID-19 vaccine-217 

induced immunity, were recently presented (26). Seroconversion rates for anti-Spike (S1) Abs 218 

following 2 doses were 85% and 54% for patients with solid tumors and hematologic malignancies, 219 

respectively. This study specifically focused on neutralizing antibodies (NAbs), describing lower 220 
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detection rates and NAb titers in patients with hematologic malignancies in comparison with patients 221 

harboring solid tumors (26).  Notably, after natural infection, neutralizing antibodies remained stable, 222 

unlike anti-Spike (S1) Abs that waned over time (26). Similar Ab production in PsC was shown in 223 

other studies (Supplementary Table S2) (19, 24, 27, 28). 224 

 225 

Multiple myeloma (MM) 226 

Immunogenicity of COVID-19 vaccines has been investigated also in patients with specific 227 

hematologic conditions, such as MM. Among 103 patients (96 with active MM) who received mRNA-228 

based vaccines, only 45% of active MM patients developed an adequate immune response, while 229 

22% had a partial response, when stratified according to Ab titer (29). Conversely, smoldering MM 230 

patients (n = 7) responded better (29). Lower anti-Spike Abs levels were associated with older age, 231 

impaired renal function, low lymphocyte counts, reduced uninvolved immunoglobulin levels, > 232 

second line of treatment, and absence of complete remission (29). The increased risk of poor 233 

seroconversion has been highlighted also in another study, though only focusing on the first vaccine 234 

dose (30). Other studies focusing on plasma cell disorders reported similar results (31, 32).  235 

Consistently, two retrospective analyses investigated seroconversion in response to COVID-19 236 

vaccines in a series of 320 and 23 fully immunized MM patients, respectively (33, 34). In one study, 237 

individuals were assessed for serologic response at least 10 days after receiving the second dose 238 

of a mRNA-based vaccine. Although 84% of patients mounted a measurable Ab response, the 239 

serologic titer varied by three orders of magnitude (range: 5 - 7882 AU/mL, median: 149 AU/mL) 240 

(33). Similarly, in the second study, the seroconversion rate reached 74% with a median anti-Spike 241 

titer or 4.9 UI/mL (range: 0-1028) (34). 242 

 243 

Myelodysplastic (MDS) and myeloproliferative (MPN) neoplasms 244 

MPNs are associated with a pro-inflammatory state and dysregulation of pivotal natural killer cell 245 

(NK), regulatory T cell (Tregs) and effector T cell function (20). Two prospective studies evaluated 246 

the immune response after the first dose of COVID-19 vaccine in patients with MPNs. In one study 247 

only BNT was administered (20). In the second study, both mRNA-based and viral vector-based 248 
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vaccines were administered (35). After the first dose, patients with a diagnosis of myelofibrosis (MF) 249 

(n = 9) had significantly higher post-vaccine anti-Spike IgG half maximal effective concentration 250 

(EC50) as well as neutralizing Ab inhibitory dose (ID)50 titers, compared to patients with other MPN 251 

subtypes (20). Seroconversion measured >14 days after a single dose was only 58%, that is 252 

significantly lower than the one observed in health-care professionals (HCPs) of similar age (97%). 253 

The median anti-spike Ab titer was also significantly lower in MPN/MDS patients (i.e., 630 vs 75 254 

AU/ml, p < 0.0001) (35). When focusing on disease subgroups, the seroconversion rate was highest 255 

in patients with chronic myeloid leukemia (CML, 75%), with no difference according to which vaccine 256 

was administered (35). Another study evaluated seroconversion rates at 5 weeks after the first BNT 257 

dose, thus also including patients receiving the second dose (36). Seroprotection rate at cut-off of 258 

15 AU/mL was 100% in controls compared to 88% in MPN patients (p = 0.038) (36).  259 

 260 

Lymphoma 261 

Patients diagnosed with lymphoma are at particular high risk of severe COVID-19 (15). Recently, 262 

one prospective observational study evaluated the humoral immune response to BNT in a cohort of 263 

148 patients harboring B-cell non-Hodgkin lymphoma (B-NHL). Of those, 47% displayed an 264 

aggressive disease, whereas 53% had an indolent malignancy (37). Of note, 37% of patients were 265 

receiving active treatment. Ab titer was measured 2-3 weeks after the second vaccine dose. 266 

Seroconversion was achieved in 49% of B-NHL patients versus a 98.5% rate achieved in healthy 267 

controls (p < 0.001) (37). 268 

In the interim analysis of the PROSECO study participants received either OxA or BNT, with two 269 

doses given 10-12 weeks apart. A total of 129 patients were enrolled. Of those, 12 patients (9%) had 270 

Hodgkin lymphoma (HL), 34 (26%) had aggressive B-NHL, 79 (61%) had indolent B-NHL and 4 (3%) 271 

had peripheral NK/T cell lymphoma (38). Notably, 52 (44%) of 119 participants with lymphoma were 272 

on active treatment (38). Twenty-two (72%) of 31 participants after one dose of vaccine and 20/33 273 

(61%) participants after two doses did not produce detectable anti-spike IgG Abs. Among the 274 

lymphoma patients who were not on active treatment, 6/6 (100%) patients with HL and 13/16 (81%) 275 

with aggressive B-NHL developed an immune response comparable to that of healthy individuals 276 
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(38). Thirty-two (89%) of 36 participants with an indolent B-NHL who were not on active treatment 277 

showed detectable Abs after two vaccine doses. However, their Ab titer was reduced in comparison 278 

with the levels observed in participants with HL and aggressive B-NHL that were either treatment-279 

naïve or with completion of treatment > 3 years prior to vaccination. 280 

 281 

Chronic lymphocytic leukemia (CLL) 282 

Compared with other hematologic malignancies, the Ab response appears particularly impaired in 283 

CLL patients. A prospective study that compared serologic response with BNT between matched 284 

cohorts of 52 patients and 52 healthy subjects showed that CLL patients had a lower serologic 285 

response rate (52% versus 100%) than healthy controls (p < 0.001) (39). When focusing on the 286 

entire cohort of 167 CLL patients, the Ab response rate was only 39.5%, with younger age, lack of 287 

active treatment and early disease stage associated with better seroconversion rates. Other studies 288 

focusing on CLL reported similar results, suggesting that humoral response may be particularly 289 

affected by disease activity itself (34, 40, 41).  290 

 291 

Solid tumors  292 

A prospective study investigated the serologic status of the BNT in a cohort of patients with solid 293 

tumors on active treatment (n = 232), compared with age-matched HCPs (n = 261). In the patient 294 

group, 86/232 individuals were tested after the first vaccination dose and 218/232 were tested after 295 

the second dose. After the first dose, 25/86 (29%) patients were seropositive compared with 220/261 296 

(84%) healthy controls (p < 0.001). After the second dose, the seropositive rate reached 86% 297 

(187/218) among the PsC (27). At the latest time point (4 weeks after the second dose), 14% of PsC 298 

were seronegative. Specifically, patients with breast cancer (BC) accounted for 29% of the 299 

seronegative group and 74% of these individuals were treated with diverse regimens of 300 

chemotherapy (CT) (27). However, although specific CT agents may not be directly linked to 301 

impaired immunogenicity, the lymphosuppressive potential of some CT regimens may limit 302 

seroconversion (27).  303 
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Another study including 95 patients with solid cancer and 66 healthy controls reported a 304 

seroconversion rate of 87% and 100% in patients and controls, respectively, after a median of 123 305 

days from the second vaccination. However, a significantly lower median titer levels in PsC was 306 

found, in comparison with the control group (417 AU/mL versus 1220 AU/mL, p < 0.001) (42). In an 307 

exploratory multivariate analysis, the co-administration of CT plus immunotherapy (IO) or of IO plus 308 

a biological agent resulted the only variable associated with lower IgG titers. A recent pooled analysis 309 

including 223 PsC with solid tumors highlighted a higher seroconversion rate (94%), with significantly 310 

lower anti-Spike Abs, compared to healthy controls, irrespective of the assay used (19, 28, 43). 311 

 312 

Type of treatment  313 

A major unanswered question for PsC is whether vaccine immunogenicity is impacted by the 314 

concomitant use of specific drugs. Initial findings from the VOICE trial, focusing on solid tumors, 315 

have been recently presented (44). Among patients receiving IO, CT and CT-IO, anti-Spike (S1) IgG 316 

seroconversion rates were 99.3%, 97.4% and 100%, respectively. As the authors established a cut-317 

off of 300 BAU/mL for adequate Ab response, seroconversion rates after two vaccine doses dropped 318 

to 93.1%, 83.8% and 88.8%, for patients receiving IO, CT and CT-IO, respectively (44). Thus, a 319 

significant minority of patients does not develop an adequate Ab response (6.9%, IO; 16.2%, CT; 320 

11.2%, CT-IO).  Few other studies focused on individual agents to fully elucidate any potential 321 

interaction with the ability to mount a protective immune response. Emerging data are clarifying that, 322 

in general, the protective role of two vaccine doses for PsC on certain active treatments may be 323 

suboptimal (Figure 3) (16, 19, 35, 38, 45, 46). 324 

 325 

Endocrine treatment (ET) 326 

In a recent study, post-vaccination seroconversion rates in patients receiving ET (n = 47) resulted 327 

high in comparison with other active treatments, reaching a 100% seropositivity rate (p = 0.04) (21). 328 

Therefore, no major preventative measures or time windows should be implemented in current 329 

vaccination campaigns.  330 

 331 

Jo
urn

al 
Pre-

pro
of



Cytotoxic chemotherapy  332 

Increasingly consistent data suggest that among patients receiving systemic CT for solid tumors, 333 

there is a high proportion of weakly responsive and unresponsive patients after a single vaccine 334 

dose (19). In this regard, immune responses to BNT were evaluated in 52 solid tumor patients on 335 

active cytotoxic CT and compared to a control group of 50 healthy individuals (47). Neutralizing Abs 336 

were detected in 67% and in 80% of PsC after the first and the second dose, respectively (47). 337 

Similar trends were observed as for Abs against the receptor-binding domain (RBD) and the S2 338 

regions of the Spike protein, although they were found to be reduced in comparison to healthy 339 

controls (47). Other studies showed similar results, consistent with a link between the 340 

lymphosuppressive potential of some CT regimens and a delay or reduction in an effective 341 

seroconversion (25, 27, 42, 43, 48).  342 

 343 

Targeted therapies  344 

Evidence addressing the seroconversion rates in PsC on specific targeted agents is lacking (19, 49). 345 

Compounds causing lymphopenia or specific B-cell-depleting agents are emerging as major 346 

responsible for an impaired protection from vaccines (24). However, the long-term immunologic 347 

effects of B-cell depletion and the characteristics of B cell reconstitution, especially in lymphoid 348 

malignancies, are not well defined, despite the widespread usage of B cell directed therapies (46). 349 

B-cell depleting therapies. Treatment with B cell directed agents - e.g., rituximab and obinutuzumab 350 

(anti-CD20), ibrutinib (BTKi) - may negatively impact the production of Abs in response to COVID-351 

19 vaccines, especially in lymphoid malignancies, due to B-cell depletion and/or disruption of the B-352 

cell receptor signaling pathway (46). In addition, the recovery of the memory B cell pool has been 353 

shown to be delayed in lymphomas, remaining below normal controls at 1 year post rituximab (46, 354 

50).  355 

In a cohort of 149 B-NHL patients, 37% were actively treated with a rituximab/obinutuzumab (R/Obi)-356 

based regimen for either induction or maintenance, whereas 44% had last been treated with R/Obi 357 

6 months before COVID-19 vaccination. Seroconversion was achieved in 25/28 (89%) treatment-358 

naïve patients, in 4/55 (7.3%) R/Obi patients and in 43/65 (66.7%) patients receiving the last dose 359 
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of the B-cell depleting regimen 6 months prior to vaccination. Multivariate analysis revealed that a 360 

longer time window since last R/Obi exposure and an absolute lymphocyte count ≥ 0.9x10^3/mL 361 

predicted seroconversion (37). 362 

An optimal window for vaccination in this patient population should be considered. In fact, in another 363 

study focused on lymphomas, seroconversion rates differed between patients who received the last 364 

infusion of an anti-B cell agent within 9 months prior to the COVID-19 vaccine (6/52, 11%) compared 365 

to those who received the last infusion of a B cell depleting agent > 9 months prior to the vaccination 366 

(22/25, 88%) (46). Consistently, in a cohort of CLL patients, none of the 22 individuals who received 367 

therapeutic anti-CD20 Abs in the 12 months prior to COVID-19 vaccination developed neutralizing 368 

Abs after two mRNA-based vaccination, in comparison with 25/55 (46%) patients exposed to anti-369 

CD20 therapy ≥ 12 months prior to vaccination (39). Similar results came from other recent reports, 370 

with a significant 14.2-fold increased risk of non-responding to COVID-19 vaccination (24, 51, 52). 371 

Finally, serologic responses are also impaired in certain populations with MM receiving therapies 372 

against CD38 (e.g., daratumumab, isatuximab) and B cell maturation antigen (anti-BCMA agents, 373 

e.g., belantamab mafodotin and idecabtagene vicleucel) (30, 31, 33, 36).  374 

Janus kinase inhibitors. JAKi, such as ruxolitinib (RUXO), are currently approved for the treatment 375 

of MF and hydroxyurea resistant/refractory polycythemia vera (17). RUXO is thought to have 376 

profound effects on different cell compartment of the immune system, including T cells, NK cells and 377 

dendritic cells. By inhibiting JAK-signal transducer and activator of transcription (STAT) signaling, a 378 

potential role in reducing inflammatory cytokine production is considered (17). Such features could 379 

explain the increased rate of infection in MPN patients receiving RUXO (17). 380 

A prospective study recently assessed the serologic response after the first COVID-19 mRNA-based 381 

vaccine injection in 30 consecutive MPN patients receiving RUXO at a median dose of 20 mg daily. 382 

The Ab response after a first vaccination dose was significantly lower in RUXO-treated patients 383 

compared to healthy controls and to patients not receiving RUXO. All 14 healthy controls were 384 

vaccine-responder (100%), whereas only 33.3% of RUXO-treated patients seroconverted to Spike 385 

protein (p < 0.001). As for patients not receiving RUXO, the seroconversion rate was 91.6% (17). 386 

Further studies, hopefully with larger sample sizes, are needed to address whether such 387 
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unresponsive status persist after the second vaccine dose, as suggested by the 42% seropositivity 388 

rate described in MPN patients using JAKi, after completing the full mRNA-based vaccination 389 

schedule (53). 390 

Cyclin-dependent kinases (CDK) 4/6 inhibitors. The involvement of the CDK4/6 pathway in immune 391 

activation is well-known (54). In cohort of 23 BC patients receiving CDK4/6 inhibitors, neutralizing 392 

Ab titers in response to the first dose of vaccine were similar to healthy controls (55). However, anti-393 

Spike Ab titers were low in another study assessing the response after full vaccination, even if the 394 

subset of patients was too small (n = 5) to draw solid conclusions (21).  395 

Tyrosine kinase inhibitors (TKI). To date, there is no evidence that any of the TKIs currently approved 396 

in clinical practice can interfere with effective immune responses against SARS-CoV-2 (21). In spite 397 

of a small sample size, a recent report on CML patients receiving imatinib showed conserved 398 

seroconversion rates (5/6, 83%) (35). Among patients who received other TKIs, namely nilotinib, 399 

bosutinib and dasatinib, the seroconversion rate was 66.7% (4/6) (35). 400 

 401 

Immunotherapy 402 

Chimeric antigen receptor (CAR)-T cell therapy. Among patients with aggressive B-NHL receiving 403 

CAR-T cell therapy, 100% (3/3) had no detectable Abs after the first vaccination dose. Only one of 404 

these patients developed Abs after the second dose, even if the other two had yet to be tested at 405 

the time of the study report. These results were observed although these patients had completed 406 

CAR-T cell treatment 11-23 months before vaccination (38). 407 

Immune checkpoint inhibitors. An unresolved question for PsC is whether vaccine safety and/or 408 

immunogenicity are impacted by ICIs, which stimulate immune system function (22, 56). As for 409 

safety, in a study enrolling 134 PsC receiving ICIs, either as monotherapy or in combination with CT, 410 

the AEs of COVID-19 vaccination seemed comparable with those of healthy controls. Of note, only 411 

the incidence of muscle pain was higher (57). However, there was no immune-related myositis, and 412 

COVID-19 vaccination did not appear to exacerbate or cause new immune-related AEs (57). 413 

Concerning immunogenicity, a recent clinical report documented that 15/59 (25%) versus 186/283 414 

(65.7%) PsC developed neutralizing Ab titers after the first dose (p < 0.001) (18). Conversely, in a 415 
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second report, seroconversion reached 97% (21). Accordingly, the VOICE trial described 416 

seroconversion rates of 99.3% and 100% among patients receiving IO and CT-IO, respectively (44). 417 

However, a significant minority of patients did not develop an adequate Ab response (6.9%, IO; 418 

16.2%, CT; 11.2%, CT-IO, with an established cut-off of 300 BAU/mL) (44). As an exploratory finding, 419 

the CAPTURE trial highlighted a negative impact of ICIs on cellular immune responses, for which 420 

further research is warranted (26). 421 

 422 

DISCUSSION 423 

In the general population, the adaptive immune response to SARS-CoV-2 comprises B cells that 424 

produce different classes of Abs in order to neutralize the virus, as well as T cells that support Ab 425 

production while also directly killing virus-infected cells (15). Although memory B and T cells have 426 

been described both in individuals with a natural infection and in vaccinated populations, their 427 

specific roles in achieving protective immunity have to be defined yet (49, 58, 59). However, T cells 428 

are thought to play an important role in reducing COVID-19 severity (60, 61). Several observations 429 

suggest that early SARS-CoV-2 T cell responses are associated with milder COVID-19 (62, 63). In 430 

this regard, data from ph III clinical trials investigating COVID-19 vaccines suggest that protection 431 

may require low levels of neutralizing Abs and might involve other immune effector mechanisms, 432 

including non-neutralizing Abs, T cells and innate immunity (58). Circulating Ab titers did not result 433 

to be predictive of T cell memory (59, 64, 65). Additionally, although real world data indicates that 434 

vaccine protection against SARS-CoV-2 infection wanes over time, protection against hospitalization 435 

and severe disease appears to be preserved (66-68).  436 

For PsC, dissecting the complexity of a protective immune response against SARS-CoV-2 is 437 

challenging, considering both the biological differences among cancer types as well as the different 438 

treatments received (69). Moreover, since PsC were largely excluded from ph III clinical trials testing 439 

vaccine candidates, evidence about protective immune responses came from highly heterogeneous 440 

single-center observational studies (Supplementary Table S2) (14). 441 
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Although emerging evidence suggests that simple serological tests for SARS-CoV-2 Abs may not 442 

reflect the complexity and durability of protective immunity against COVID-19, the primary endpoint 443 

of all the studies included was seroconversion to the anti-Spike protein (58, 65, 70).  444 

When cellular immunity was investigated, it was considered as an exploratory endpoint (26, 44).  445 

Overall, T cell immune responses seem generally maintained, although reduced, especially in 446 

patients with hematologic malignancies, in comparison to patients with solid tumors and to healthy 447 

individuals, both after COVID-19 infection and after a complete vaccination, with predominance of 448 

CD4+ responses over CD8+ (21, 26, 48, 52, 59). Systemic therapies did not have major effect on 449 

cellular responses, except for higher suppression rates of CD4+ activity among patients treated with 450 

ICIs (26). In the VOICE clinical trial, almost half of the vaccine non-responders and suboptimal 451 

responders to humoral immunity developed a Spike specific T cell response (44). Interestingly, in 452 

the preliminary report of the SOAP-2 vaccine study, the T cell response appeared to be greater than 453 

the B cell immune response after the first dose, but still lower compared to the control group 454 

(Supplementary Table S2) (25, 49). Currently, data regarding the clinical efficacy of SARS-CoV-2 455 

vaccines, defined as the incidence of symptomatic or severe COVID-19 in PsC, after full completion 456 

of the vaccination schedule, is still lacking (26). A longer follow up is needed in order to address this 457 

crucial question. 458 

With all the described limitations regarding the current understanding of immune responses to 459 

COVID-19 vaccines, the decreased seroconversion rates in PsC, especially in those on active 460 

treatment with B cell depleting agents, could not be neglected (34, 49, 72).  Moreover, even if T cell 461 

immunity could be thought to compensate for impaired humoral immunity, impaired T cell responses 462 

in the event of COVID-19 have been observed in some patients under cancer treatment (26, 44, 70, 463 

73). For these reasons, different strategies to enhance vaccine-induced immunity have been 464 

proposed, such as heterologous prime-boost vaccination, a double-dose strategy and a third dose 465 

(49, 74). In the first case, the non-inferiority design of the trial as well as the lack of PsC under active 466 

treatment included, did not allow to draw conclusions about the feasibility of this approach (74). The 467 

double dose strategy is based on literature data and current vaccination practices, particularly in 468 

immunocompromised patients vaccinated against hepatitis B and influenza viruses, although 469 
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prospective randomized trials are needed (49, 75-81). Finally, the role of a third dose is being 470 

investigated, especially in immunocompromised patients and the elder population (82).  471 

To date, the largest study investigating the clinical efficacy of a booster shot of vaccine was 472 

conducted in Israel and included people over 60 years of age (83). The rates of confirmed COVID-473 

19 and severe illness were substantially lower among those who received the booster at least 5 474 

months after the last dose (83). A number of other reports confirmed a benefit on seroconversion for 475 

a third mRNA-based vaccine dose, although longer follow-up and evaluation of cellular immune 476 

responses are needed to better characterize the impact of additional vaccine doses on the clinical 477 

outcomes in patients with impaired immune system (e.g., OCTAVE DUO trial)  (52, 72, 80, 82, 84-478 

88). Furthermore, in the CAPTURE clinical trial, previous SARS-CoV-2 infection boosted vaccine-479 

induced responses, lending further support for a third dose in vulnerable populations (26). 480 

In line with these trends, many countries and institutions have already recommended that severely 481 

immunocompromised patients (e.g., transplant recipients, patients with hematologic malignancies or 482 

those receiving immunosuppressive agents) receive a third dose of COVID-19 vaccine (Figure 4) 483 

(49, 89). Alongside, on 12 August, 2021, the FDA authorized an additional mRNA-based vaccine 484 

dose for certain immunocompromised individuals (90). On the other hand, the WHO notes that the 485 

benefit of a widespread use of booster vaccinations on morbidity and mortality from COVID-19 486 

remains uncertain, also considering the alarming shortage of vaccine supplies in lower income 487 

countries (91). 488 

 489 

CONCLUSION  490 

Vaccination against COVID-19 for PsC seems overall safe and effective after well-conducted 491 

vaccinations schedules (49). Yet, seroconversion rates remain lower, lagged or both across some 492 

subgroups (Supplementary Table S2) (19, 27, 28, 49). Although complete absence of detectable 493 

Abs after vaccination likely equates to a lack of protection, no solid data are available to establish a 494 

correlation between the protective role of vaccination and the anti-Spike Ab titer (104, 105). 495 

Therefore, provided that PsC are comprehensively counseled about the available information on 496 

vaccine effectiveness, a tailored approach may be proposed, considering the type of malignancy 497 
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and of the specific oncologic treatment received (Figure 4) (89). In general, for patients with solid 498 

tumors in remission, with MPN/MDS without treatment, receiving ET, ICIs or non lymphosuppressive 499 

cytotoxic agents, no particular restrictions or time windows are advised (20, 104). Patients with 500 

lymphoid malignancies that are candidates to B cell depleting agents and those with solid tumors 501 

that are candidates to lymphosuppressive cytotoxic agents should be vaccinated prior to starting the 502 

planned regimen, if feasible. If not, vaccine doses should be planned in a time window that considers 503 

the nadir of the expected CT-induced cytopenia. Patients with hematologic malignancies already 504 

under treatment with B cell depleting agents, CD19-directed CAR-T cell therapies and HCT 505 

recipients showed very low seroconversion rates from vaccination, prompting concern that they are 506 

likely to have poor protection against COVID-19. A third vaccine dose may be proposed to such 507 

immunocompromised categories, possibly considering a time window consistent with the emerging 508 

evidence of an acceptable serological response between 9 and 12 months, after completing 509 

treatment (Figure 4) (20, 38, 46, 89). A similar approach may be warranted for individuals with active 510 

CLL and older patients with MM, although a case-by-case management is recommended (29, 30, 511 

41). Findings from prospective clinical trials with a longer follow-up will further elucidate how to tailor 512 

vaccination in special populations (108-111). 513 

A major obstacle to achieve herd immunity is vaccine hesitancy (92). In the specific population of 514 

PsC, vaccine acceptance is generally higher than in other patient populations (49, 97, 98). In an 515 

Italian report, of 914 patients eligible to the survey, only 102 refused vaccination (11.2%). The most 516 

frequently reported reasons to refuse the vaccine were concerns about vaccine-related AEs (48.1%). 517 

The identification of the reasons associated with vaccine hesitancy and refusal should be exploited 518 

to personalize educational approaches (100-103). 519 

The reviewed data altogether suggest that PsC, especially those at the highest risk of poor 520 

seroconversion, should maintain strict preventive behaviors (e.g., FFP-2 masks), for at least 6-8 521 

weeks after the first vaccine dose, and to not postpone the second dose, if possible (49, 110-111). 522 

Alongside, households and other close contacts of immunocompromised patients should be 523 

vaccinated (49, 89).  524 

 525 
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 889 

Figure Captions 890 

 891 

Figure 1. Investigated strategies against SARS-CoV-2. Main mechanisms of viral entry into host 892 

cells are depicted, alongside anti-SARS-CoV-2 passive and active immune strategies. Strategy 1 893 

and 2: soluble RBD mimetics or anti-ACE2 scFvs may hide ACE2 receptors from spike proteins, 894 

preventing viral entry. RBD targeting may be achieved via either monoclonal Ab (i.e., casirivimab-895 

imdevimab) or vaccine-induced Ab. In addition, vaccination also promotes the emergence of cellular 896 

anti-SARS-CoV2 adaptive immune responses, leading to killing of viral-infected cells. Abbreviations: 897 

SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus-2; RBD, Receptor Binding Domain; 898 

ACE2, Angiotensin-converting enzyme 2; mRNA, messenger ribonucleic acid; S protein, spike 899 

protein; Abs, antibodies; scFv, single chain variable fragment. Created with biorender.com. 900 

 901 

Figure 2. PRISMA flow diagram of the study. Abbreviations: pts, patients; SARS-CoV-2, severe 902 

acute respiratory syndrome coronavirus 2; n, number. 903 

 904 

Figure 3. Estimated spectrum of COVID-19 vaccine efficacy for patients with cancer, 905 

according to cancer types and therapies. Specific patient populations, especially those with 906 

hematologic malignancies receiving B-cell targeted agents, stem cell transplantation or CAR-T cell 907 
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treatment, may not mount a protective response. Further research is warranted to clarify the vaccine-908 

induced immune response in a number of cancer types and regimen, particularly in those receiving 909 

targeted therapy and investigational drugs. # B-cell targeted agents include anti-CD20 agents (e.g., 910 

rituximab), anti-CD38 therapy, BCMA targeted agents, and Bruton tyrosine kinase inhibitors. 911 

Abbreviations: JAKi, janus kinase inhibitor; ET, endocrine therapy; ICI, immune checkpoint inhibitors; 912 

tx, therapies; MPN, myeloproliferative neoplasms; MDS, myelodysplastic syndromes; CLL, chronic 913 

lymphocytic leukemia; CT, chemotherapy; CAR, chimeric antigen receptor; mo, months; pts, 914 

patients; MM, multiple myeloma; BCMA, B-cell maturation antigen. Created with biorender.com. 915 

 916 

Figure 4. Consensus recommendations on patients with cancer who should be prioritized for 917 

a third dose. Within each box, the subgroups which should receive a third dose with priority, as they 918 

may represent the most immunocompromised individuals per each macro category (bold), are 919 

reported. The CDC recommends the additional dose of an mRNA COVID-19 vaccine be 920 

administered at least four weeks after a second dose of the Pfizer-BioNTech or Moderna vaccine. 921 

For people who received the Pfizer-BioNTech or Moderna COVID-19 vaccine series, a third dose of 922 

the same mRNA vaccine should be used if possible. If the same mRNA vaccine isn’t available for 923 

the third dose administration or is unknown, either mRNA COVID-19 vaccine may be used. The use 924 

of antibody titers to determine if patients should receive the third dose is not recommended (outside 925 

of a research study). Abbreviations: pts, patients; SCT, stem cell transplant; GvHD, Graft-versus-926 

host disease; HIV, Human Immunodeficiency Virus; CDC, Centers for Disease Control and 927 

Prevention. Source: National Comprehensive Cancer Network (NCCN) COVID-19 Vaccination 928 

Advisory Committee. Version 4.0 08/30/2021. Created with biorender.com. 929 
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All hematologic malignancies 

Solid tumor malignancies 
- Pts who received cancer therapy within 1-year of the initial vaccine administration 

- Pts newly diagnosed with cancer or recurrent cancer who will receive cancer therapy  

Patients with cancer who should be prioritized for a third dose 

Hematopoietic cell transplant and CAR-T cell therapy 
- Pts who are ≤ 2 years post-procedure 

- Allogeneic SCT recipients receiving immunosuppressive therapy or with history of GvHD, 
regardless of the time post-transplant 

Other 
- Pts with cancer AND other concurrent immunocompromising conditions (e.g.  HIV  or 
autoimmune diseases).  

- Pts treated with systemic corticosteroids or other concomitant  immunosuppressive agents 
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